The amplitude of the mismatch negativity response for acoustic within-category deviations in speech stimuli was investigated by presenting participants with different exemplars of the vowel /i/ in an odd-ball paradigm. The deviants differed from the standard either in terms of fundamental frequency, the first formant, or the second formant. Changes in fundamental frequency are generally more salient than changes in the first formant, which in turn are more salient than changes in the second formant. The mismatch negativity response was expected to reflect this with greater amplitude for more salient deviations. The fundamental frequency deviants did indeed result in greater amplitude than both first formant deviants and second formant deviants, but no difference was found between the first formant deviants and the second formant deviants. It is concluded that greater difference between standard and within-category deviants across different acoustic dimensions results in greater mismatch negativity amplitude, suggesting that the processing of linguistically irrelevant changes in speech sounds may be processed similar to nonspeech sound changes. NeuroReport
Background
The auditory mismatch negativity (MMN) is an eventrelated potential component elicited in response to occasional changes in a sequence of otherwise similar auditory stimuli. It is calculated by subtracting the eventrelated potential from the frequently occurring stimuli (standards) from that of the rare differing stimuli (deviants), and can be seen as a negative shift in the resulting difference wave, typically peaking at about 150-250 ms after stimuli onset. The MMN component is found in central and frontocentral electrodes when using nose or mastoid electrodes as reference. The component is generated irrespective of the participants' level of attention to stimuli, and is therefore considered to represent an automatic change-detection process. Its generators are found in the frontal lobes and the supratemporal cortices [1] .
The supratemporal component of the MMN is lateralized differently depending on the stimulus type, representing two different although sometimes parallel change-detection processes [2] . When stimuli are either nonspeech sounds or speech sounds with a linguistically irrelevant change between standard and deviant (e.g. between two exemplars of the same vowel with different fundamental frequency), change detection is of an acoustic nature and bilaterally distributed, but when stimuli are speech sounds and the change between the standard and deviant is linguistically relevant (e.g. between two different vowels), a left-hemispheric phonemic change-detection process is also active [3] [4] [5] [6] . Thus, it is not speech processing per se that causes the left-hemispheric activation, but detection of a change that is linguistically relevant, that is, the standard is perceived as one phoneme and the deviant as another.
The above-described processes are reflected in the peak amplitude and latency of the MMN response to different deviants. Although the amplitude and latency differences between deviants have been shown to result at least in part from the N1 component [7] , this combination of MMN and N1 is commonly referred to as only MMN, and will be so also in the present manuscript. For nonspeech stimuli, the amplitude and latency vary systematically with the acoustic difference between standard and deviant stimulus, with greater difference resulting in greater amplitude and shorter latency [8, 9] . When the stimuli, instead, are speech sounds, the amplitude reflects not only the acoustic difference between standard and deviant but also whether or not the phonemic change-detection process is activated. A deviant belonging to a different phonemic category than the standard results in a greater MMN amplitude than a deviant belonging to the same category as the standard sound, even when the deviants are acoustically equally different from the standard [10, 11] , suggesting that the linguistic processing contributes considerably toward
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the overall amplitude of the response. The effect of the acoustic difference remains when stimuli are speech sounds as comparisons between different between-category deviants show the same pattern of greater acoustic difference resulting in greater amplitude of the MMN [12, 13] .
A number of studies have included within-category deviants with different magnitude of difference from the standard, but in most cases, no specific comparisons between these have been reported [14] [15] [16] because it was not relevant to the specific research questions. One exception is a recent study by Pakarinen et al. [14] in which larger magnitudes of difference in vowel pitch and vowel intensity were shown to correspond to greater MMN amplitude.
The aim of the present study is to extend previous findings on the effect of purely acoustic (i.e. phonetic) speech sound changes on the MMN amplitude, by comparing changes across different acoustic dimensions, thus creating high ecological validity. As the changes are not phonemic, it is expected that greater acoustic difference will result in greater MMN amplitude, even though the changes are not within a single acoustic dimension. The stimuli are different exemplars of the vowel /i/, with deviants of different acoustic distance from the standard. Deviants differ from the standard in different acoustic dimensions, either in terms of fundamental frequency (f0), the first formant (F1), or the second formant (F2). The hypothesis is that as f0-deviants in general are more salient than F1-deviants, which in turn are more salient than F2-deviants, the amplitude of the MMN will be higher for f0-deviants than for F1-deviants and higher for F1-deviants than for F2-deviants. In addition, the different deviant types will be presented in both single-deviant blocks and multipledeviant blocks to test whether more salient deviants attenuate the response to less salient deviants.
Methods Participants
The participants were 13 right-handed native speakers of Swedish (three women, mean age 29 years, range 25-39 years). They were given movie vouchers as compensation for their participation. One electroencephalography recording was excluded from the analysis because of technical failure during data collection. The study was approved by the Ethical Review Board, Karolinska Institutet (2011/955-31/1).
Stimuli
The stimuli consisted of serially synthesized four-formant versions of the vowel /i/, created in Praat 5.3.13 [17] . The vowels were 400 ms long with 50 ms fade in/out. The formant values were constant for the duration of the vowel, whereas f0 had a symmetrical linear rise/fall contour, peaking in the middle of the vowel at 110% of the starting frequency and then back to the starting frequency. When f0 is denoted as 100 Hz, for example, it was 100 Hz at vowel onset, peaked at 110 Hz at 200 ms, and was back to 100 Hz at 400 ms (vowel offset). The values used for the first four formants of the standard stimulus were 255, 2190, 3150, and 3730 Hz [18] , and f0 was set to 100 Hz at vowel onset and offset. The values of the deviant sounds differed from the standards in either f0, F1, or F2, whereas the third and fourth formant values were identical to those of the standard. For each deviant type (f0, F1, or F2), there were four versions, with f0-variations of ±5 or ±10 Hz, F1-variations of ±25 or ±50 Hz, or F2-variations of ±100 or ±200 Hz.
Experimental design
The experiment used an odd-ball design and consisted of five blocks, presented in a random order. Three of the blocks contained one type of deviant each (f0-, F1-, or F2-deviants), the fourth contained two types of deviants (F1-and F2-deviants), and the fifth contained deviants of all three types (f0-, F1-, and F2-deviants). At the beginning of each block, 10 standard stimuli were presented to establish them as standards. The following number of trials in each block depended on the number of deviant types presented; each deviant type was presented a total of 80 times (20 times per version) and the deviants always comprised 20% of the total number of trials (not including the initial standards). The stimuli were presented in a random order, except that two deviants were never presented successively. Stimulus onset asynchrony (onset-to-onset) was 1000 ms.
Procedure
During the experiment, participants were seated in front of a screen on which a muted film was playing. The stimulus sounds were presented through loudspeakers at a comfortable sound level and the participants were instructed not to pay attention to the sounds. Before the start of each block, electrode impedance was measured to ensure that it was less than 100 kO for each of the 128 electrodes. The total duration of the experiment session was B2 h, including net application and impedance measurements. Because of technical problems, one of the participants listened to part of the F1-block twice, but only the second run was completed and included in the analysis.
Electroencephalography system
Data were collected and processed using NetStation 4.4 and high-impedance 128 electrode Hydrocel Sensor Nets (Electrical Geodesic Inc., Eugene, Oregon, USA). During recording, the signal was amplified using a Net Amps 300 amplifier (Electrical Geodesic Inc.) with a 20 kHz sampling rate, low-pass filtered at 4 kHz, and downsampled to a 250 Hz sampling rate. The reference during recording was Cz.
Data processing
The data were filtered off-line using a band-pass filter of 1-40 Hz. Channels in which the voltage varied by more than 75 mV within a time window of -200 to 1000 ms around stimulus onset for more than half of the stimuli occurrences were marked as poor and then interpolated from surrounding channels [19] . Following this, the data were segmented into single trial epochs, 1000 ms long, from -100 to 900 ms relative to stimulus onset and divided into different categories for each deviant type by block type (a total of eight categories). All epochs in which the signal (averaged over 80 ms) exceeded ±55 mV in 20 of the channels or more, or contained an eye-blink artifact (±140mV in the horizontal electrooculogram channels) or an eye-movement artifact (±55 mV in the vertical electrooculogram channels) were marked as poor and excluded from further analysis. All participants had a minimum of 55% good epochs in each deviant-type category. The data were then rereferenced to the average of all channels and baseline corrected. All artifact-free pairs of any deviant and its immediately preceding standard were used in the analysis. The mean amplitude at electrode 11 (closely corresponding to Fz in the 10-20 system) during 150-250 ms after stimulus onset was calculated. Statistical tests were performed in SPSS 19 (International Business Machines Corp., Armonk, New York, USA).
Results
A repeated-measures analysis of variance was performed on the amplitudes of deviants and standards, with the two within-participant factors deviant type (f0, F1, or F2) and block type (single, double, or triple). The difference between deviants and standards was highly significant [F(1,5046) = 17.884, P < 0.001], as was the interaction with deviant type [F(2,5046) = 7.088, P = 0.001]. There was neither interaction with block type [F(2,5046) = 1.445, P = 0.236] nor with block type and deviant type [F(3,5046) = 2.188, P = 0.087]. To investigate the effect of deviant type (Fig. 1) , two-tailed paired-samples t-tests between standard and deviant were performed for each deviant type separately, showing a significant difference for f0-deviants [t(1284) = -4.941, P < 0.001] but not for F1-or F2-deviants [t(1869) = -1.100, P = 0.272, and t(1898) = -0.935, P = 0.350, respectively].
Discussion
The amplitude of the MMN response was investigated for within-category changes of different acoustic dimensions in speech stimuli. The hypothesis was that an acoustically larger difference would result in greater amplitude, as has been shown previously within a single acoustic dimension such as pitch or intensity [14] . The results of the present study are in line with this, with changes in fundamental frequency resulting in a significant MMN response for changes in fundamental frequency, but not for spectral changes. Thus, the same pattern is found for within-category changes that have previously been shown for between-category changes [11, 12] and nonspeech sounds [8, 9] .
On the basis of the assumption that changes in F1 in general are more salient than changes in F2, it was hypothesized that the F1-deviants would elicit a greater 
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The average ERP tracings at electrode 11 (Fz), pooled across blocks. For (a) f0-deviants, a difference between the standard response and deviant response can be seen, but not for (b) F1-deviants or (c) F2-deviants. Gray areas mark the time window used in the analysis (150-250 ms after stimulus onset). ERP, event-related potential.
MMN than F2-deviants. However, no significant MMN response was found for either of these conditions. This could be a result of the relatively low number of trials and the variability of the deviants; there were four versions of each deviant type, with varying magnitude of difference to the standard. It is possible that larger F2-deviants were just as perceptually salient as smaller F1-deviants and that the average difference for all four versions combined was roughly equal for both types of spectral deviants. No effect on the MMN amplitude was found for the context (single-deviant or multiple-deviant blocks) in which deviants were presented.
Conclusion
The present study has shown that the relationship between the amplitude of the MMN and the magnitude of acoustic difference between the standard and the deviant is present for speech stimuli when the changes between standard and deviant are of different acoustic dimensions. Specifically, changes in fundamental frequency resulted in an MMN response, whereas changes in the first or the second formant did not. These findings, together with previous research, highlight the importance of differentiating between phonemic (linguistically relevant) and phonetic (linguistically irrelevant) processing of speech sounds: speech sounds are not necessarily processed differently from any other sound just because they are speech; processing differences primarily result instead from the presence of linguistically relevant information in the speech signal.
